Abstract Pedicle screw fixation has achieved significant popularity amongst spinal surgeons for both single and multi-level spinal fusion. Misplacement and pedicle cortical violation occurs in over 20% of screw placement and can result in potential complications such as dysthesia, paraparesis or paraplegia. There have been many advances in techniques available for navigating through the pedicle; however, these techniques are not without drawbacks. A new electrical conductivity-measuring device, previously evaluated on the porcine model to detect the pedicle violation, was evaluated amongst nine European Hospitals to be used in conjunction with the methods currently used in that centre. This new device is based on two original principles; the device is integrated in the drilling or screwing tool. The technology allows real-time detection of perforation through two independent parameters, impedance variation and evoked muscle contractions. Data was collected twofold. Initially, the surgeon was given the device and a comparison was made between the devices ability to detect a breech and the surgeon's ability to detect one using his traditional methods of pedicle preparation. In the second module of the study, the surgeon was limited to using the electrical conductivity detection device as their sole guide to detect pedicle breaches. A comparison was made between the detection ability of the device and the other detection possibilities. Post-operative fine cut CT scanning was used to detect the pedicle breaches. Overall, the 11 trial surgeons performed a total of 521 pedicle drillings on 97 patients. Initially there were 147 drillings with 23 breaches detected. The detection rate of these breaches were 22/23 for the device compared to 10/23 by the surgeon. Over both parts of the study 64 breaches (12.3%) were confirmed on post-operative CT imaging. The electrical conductivity detection device detected 63 of the 64 breaches (98.4%). There was one false negative and four false positives. This gives the device an overall sensitivity of 98% and specificity of 99% for detecting a pedicle breach. The negative predictive value was 99.8%, with a positive predictive value of 94%. No adverse event was noted with the use of the electrical conductivity device. Electrical conductivity monitoring may provide a
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Introduction
Pedicle screw fixation has become one of the most widely practiced fusion operations [17, 21] . The incidence of misplaced pedicle screws using conventional techniques (surgeon's feel, anatomic landmarks and fluoroscopy) ranges from 10 to 55% [7, 8, 22, 25] . The consequences of mis-directing screws are well documented and have led to increased interest for more accurate placement methods [7, 8, 14] .
Several methods have been utilized to increase the accuracy of screw placement. somatosensory evoked potentials (SSEP), motor evoked potentials, compound muscle action potentials (CMAP), electromyography recordings (EMG), intra-operative fluoroscopy, computed tomography (CT) and most recently computer-aided frameless stereotaxis [2, 3, 5, 6, 11, 15, 16] . Although all of these tools offer varying degrees of benefit, they all have limitations.
Neurophysiological monitoring requires the presence of trained neurophysiology personnel in theatre during screw placement. Recording of sensory or motor evoked potentials rely on the detection of impingement on nervous tissue. At that stage a full cortical breech has occurred. In terms of a warning system these methods are flawed because the surgeon is alerted far too late in the whole process when the crisis of impaired nervous function has been detected.
All neurophysiological recordings are subject to interference by numerous intra-operative parameters including anaesthetic agents, body temperature, blood pressure, electrical interference, electrical contacts and blood chemistry [16, 20] . Beatty et al. [3] reported false-negative results as high as 23% with continuous EMG monitoring during pedicle screw placement. Both CMAP and EMG recordings require the use of subtotal neuromuscular blockade.
With advances in computer technology, image-guidance in the spine has become an interactive means of using a surgical pointer or tool at the time of surgery and visualizing a corresponding virtual tool on images on a computer workstation in the operating theatre. It offers the surgeon many benefits for the safe and accurate placement of spinal instrumentation [9, 10] . Computer-aided stereotactic navigation provides a three-dimensional guide for pedicle screw placement [5] . Image guidance can facilitate preoperative planning and help determine the optimal trajectory for screw placement. Although computer image guidance remains a very useful tool in complex spinal cases it too has drawbacks. It remains an expensive tool, requiring pre-operative CT scanning, registration technique, requires a wide range of experience and formal training, and is relatively time consuming especially if more than one registration is necessary for multilevel problems. However, more recent spinal navigation systems using 3D reconstruction from initial fluoro C-Arm images without the need of pre-operative CT scanning or intraoperative registration has become available to the spinal surgeon, little information is available in current literature as to accuracy in navigation of the pedicles. Further these images are also obtained 'pre-operatively' all be it within the theatre and do not reflect real time activity.
The use of intra-operative fluoroscopy for placement of pedicle screws has resulted in prolonged fluoro time and radiation exposure to the surgical personnel and patient [18] . Finally, the use of computed tomography for the assessment of pedicle screw position after surgery is too late.
Because of the limitations of the current guidance aids, a new device was designed to help surgeons during pedicle drilling. This new device was based on two original principles. First, which the drilling tool would be similar to a current standard spinal tool. Second, that technology built into the tip would allow real time detection of pedicle breaches.
Initial studies carried out using a large animal model confirmed that the electrical conductivity variation detection capability of this device offers a potentially simple technique to detect pedicle perforations, prior to inserting the screw [4] . A multi-centre trial was undertaken for clinical validation. The aim of this study was to ascertain if this electrical conductivity-measuring device could detect the presence of pedicle cortical breaches and if the detection rate was superior to the surgeon's traditional methods of detecting breaches.
Methods
A multi-centre clinical trial was undertaken from September 2002 to September 2004. Eleven senior surgeons in nine European centres were enrolled in the study (Table 1) . Each centre obtained local ethics committee approval. Each surgeon was given the electrical conductivity detection device (PediGuard TM , SpineVision) and asked to use the device in lieu of his regular pedicle-drilling instrument. Pedicle screws were then inserted using each surgeon's usual protocol.
Data was collected twofold. Initially, the surgeon used the new instrument as a pedicle awl but was asked to rely on his usual traditional methods to detect pedicle breaches (i.e. the surgeons normal protocol for inserting pedicle screws). The output from the electrical conductivity device was also noted during each pedicle drilling. Post-operative fine-cut CT imaging was obtained through the pedicle to see if a breach had occurred.
CT scanning protocol CT scanning was carried out on a 16 multislice scanner using 2 mm slices with a maximum Kernel resolution. The scan was orientated craniocaudal to include the vertebrae of interest with no angulations. These scans were then reconstructed in 1 mm slices with a 0.7 mm increment to allow for overlapping. All scans were reviewed by an independent radiologist to assess for the presence of breaches. The surgeon's ability to detect a pedicle breach by his usual methods was compared to those detected by the device.
In the second module of the study, the surgeon was limited to using the electrical conductivity detection device as their sole guide to detect pedicle breaches. The accuracy of the tool was assessed for detecting a breach in isolation by obtaining post-operative CT.
Outcome measures
The primary outcome measure was the ability of the device to detect pedicle breaches against any other available possibility. Thus, a comparison was made between the devices ability to detect breaches and the methods each surgeon normally relied on prior to enrolling in the study (surgeon's tactile feel, mechanical probing, fluoroscopy, CT scans, EMG, SEEP, computer assisted navigation; depending on their availability in each centre), versus the actual number of breaches that were visible on post-operative CT scanning.
The following parameters were computed for analysis purposes.
• False positive: if device tells there is a breach through a rise in the auditory alert and after CT scanning there is none • False negative: if device tells there is a no breach, no rise in the auditory alert, and after CT scanning there is one • Positive predictive value: probability of a breach if detection occurred • Negative predictive value: probability of no breach if no detection occurred • Specificity: probability of no-detection if there is no breach • Sensitivity: probability of detection if there is a breach.
Statistical analysis was carried out using a standard statistical package (JMP, SAS Institute, USA), coupling the frequency of breaches, either detected by the device or the surgeon, using post-operative CT scanning. Using the Pearson's non-parametric test, we evaluated the correlation between the detection of breaches by the device and the surgeon using pedicle probing.
The electrical conductivity device
The device was designed as a free hand drilling instrument that measures electrical conductivity at the tip. The measured conductivity is translated into a visual and an audio signal to inform in real time when a change occurs at the tip. It features bipolar electrodes that avoid any shunting effect and keep the measured conductivity independent of the insertion depth. In a uniform medium the electrical conductivity remains constant while the instrument is advanced into the vertebral pedicle. Variation of conductivity occurs when the instrument passes through a boundary between two different media (Fig. 2) .
The electrical conductivity device consists of an awl instrument with a hollow handle that accepts a built-in electronic printed circuit board (Fig. 1) . The electronic components allow performing electrical conductivity measurement and translation to audible signal and coloured light emitting diodes (LEDs) to be used as feedback to the surgeon five times per seconds. In addition it also features a neurostimulator that can be used in conjunction with a standard EMG.
Results
Of the 147 pedicle drillings on the first arm of the study there were a total of 23 (16%) breaches detected on postoperative CT scanning. The device detected 22 (96%) of Eur Spine J (2007) 16:1919-1924 1921 these breaches during the actual pedicle drilling compared to 10 (43%) detected by the surgeon (Pearsons 74.242; P £ 0.001) ( Table 2 ). There was one breach which went undetected by the auditory alert mechanism of the device (false negative); however, there was a visible contraction of the patient's leg caused by the neurostimulator component of the device. Considering this paper is focusing on the electrical conductivity component of the device this detection of the breach was classed as ''not detected''. On one occasion the device gave an auditory alert indicating that a breach had occurred, but no such breach was detected on post-operative CT scanning (false positive). Therefore the device yielded a positive predictive value 96% and a negative predictive value of 99%. Combining these results the device sensitivity is 96% with a specificity of 99% (Table 3) .
In the second arm of the study there were 374 pedicle drillings performed on 69 patients with 41 (11%) confirmed breaches on post-operative CT scanning. The device detected all of these breaches (Pearsons 374.000; P £ 0.001). During this phase of the study there was no differentiation made between the surgeons pick-up of breaches (Table 2) .
There were no false negative recorded with three false positives during this part of the study. This gives a positive predictive value of 93% with a negative predictive value of 100%, coupling these figures yields a sensitivity of 100% with a specificity of 99% (Table 3) .
Combining these figures together there was a total of 521 drillings on 97 patients. In total there were 64 (12%) breaches confirmed on post-operative CT scanning. Overall the device detected 63 (98%) of these breaches (Table 2) with 4 false positives. This gives an overall positive predictive value of 94% with a negative predictive value of 99.8%. Coupling all these figures yields a 98% sensitivity and 99% specificity.
There were no adverse events noted with the use of this device. Although it was outside the scope of this paper to look at length of tine for screw placement, the trial surgeons reported no noticeable difference or even less time taken once familiar with the device.
Discussion
The popularity of spinal instrumentation has soared over the past decade [17] . With the increased usage of these techniques, the associated complications have become relatively more common [17] . The traditional methods of good anatomical knowledge, combined with an experi- enced surgeon's feel during the pedicle drilling allows correct placement of the majority of pedicle screws. There is however a proportion of screws that end-up poorly positioned [13] . Some of these misplaced screws result in injury to the patient [7, 8] . As well as immediate complications, the development of late kyphotic complications have also been associated with poor screw positioning [1] . Numerous different aids have been used to try and decrease the frequency of wayward screws including fluoroscopy, neurophysiological monitoring [23] and more recently computer image guidance [19] . The shear numbers of different aids that have been tried, testify to the deficiencies that each one has. Up until now no user friendly device has been available that would allow instant feedback, and would achieve that primary end point of early detection of pedicle breaches.
The device used in this study is a wireless perforation instrument, (similar to a conventional pedicle awl), working on the principle of local tissue electrical conductivity, which is monitored at the tip of the instrument. When the electrical conductivity at the distal part of the instrument changes, it alerts the surgeon. It is novel in the fact that it allows detection of cortical breaches before the full breach has occurred. This is possible because changes in the electromagnetic field around the tip of the instrument allow detection of media that are of a different consistency to bone (Fig. 2) .
The device is integrated in the drilling tool, and the technology allows real-time detection of perforation through two independent parameters, electrical conductivity variation and evoked muscular contractions. The device is therefore able to detect iatrogenic breaches in the vertebral pedicle wall prior to screw insertion and therefore allows the surgeon to redirect. The device's in-built neurostimulator can warn of close approximation to nervous tissue either by causing visible twitching in the lower limbs or be detected by an EMG machine.
Measurements of absolute electrical conductivity values have previously been shown not to be useful in detecting pedicle breaches [6] . This is because there is a wide variation in pedicle electrical conductivity between subjects. Other problems identified by previous authors include inaccuracies with partial shunting when monopolar probes were used. Shunting or partial shunting can occur if a pilot hole is drilled prior to inserting the electrical conductivity measurement device [24] . Blood and tissue products that accumulate in the pilot hole can lead to inaccuracies of electrical conductivity detection. By incorporating the electronic detection into the perforation tool, as has been done in this device, this problem has been overcome. The device features bipolar electrodes that avoid any shunting effect and keep the measured electrical conductivity independent of the insertion depth.
The electrical conductivity measurement has a sensitivity of >98% in the detection of breaches. The electrical conductivity-measuring device detected 52% more breaches than the actual surgeon performing the surgeries. Therefore the tool is giving real-time feedback to the surgeon, without the surgeon having to change instruments and therefore not loosing momentum during pedicle preparation.
In this study there were four false positives. However, the surgeon was free to redirect the screw once a breech was detected by the device, it is therefore possible that screw re-direction rendered a true breech into a false positive on post-operative scanning. In relation to the single false negative, it should be noted that the breech was detected by the EMG component of the device and thus the surgeon was still alerted to the fact that a breech had occurred.
There is no need for pre-operative CT scanning or preoperative planning, which time is saving for the surgical team. Because this tool does not require computer registration or vertebral tracking it can be used in all aspects of spinal fixation, inclusive of fractures and spondylolisthesis cases, regardless of the degree of pars fracture and dislocation.
This instrument offers the surgeon real-time monitoring with minimal effect to the standard surgical procedure.
Conclusion
Electrical conductivity measuring may provide a simple, safe and sensitive method of detecting pedicle breeches during routine perforation of the pedicle when placing pedicle screws.
